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Technique of calculation the pitch-angle, energy and poloidal distributions of the flux of charged fusion products (CFPs) lost to the 
first wall of axisymmetric tokamak due to first orbit (FO) loss mechanism is developed. This technique extends the approach for 
evaluation the poloidal distributions of FO loss of CFPs in tokamaks proposed by [Kolesnichenko Ya.I. et al. Sov. J. Plasma Phys 2 
(1976) 506]. The upgraded technique enables to calculate distributions of lost fast ions in wide class of tokamak magnetic 
configurations. Analytical model of the magnetic field used in this study [Yavorskij V.A. et al. Plasma Phys. Control. Fusion 43 
(2001) 249] takes into account Shafranov shift, elongation, triangularity and up-down asymmetry. Usage of the drift constant of 
motion space allows substantial reducing the computational efforts for simulation the lost particles flux at a given point of the first 
wall. The developed approach is useful for simulation the pitch-angle and energy distributions of fast ions lost to the scintillator 
detector [Zweben S.J. et al. Nucl.Fusion 30 (1990) 1551] in present-day tokamaks [Kiptily V.G. et al. Nucl.Fusion 49 (2009) 065030] 
as well as for calculation of the CFP fluxes to the plasma-facing wall in future tokamak-reactors. 
KEYWORDS: first orbit losses, charged fusion product, axisymmetric tokamak, non-circular flux surface, scintillator detector. 
 
ɆȽɇɈȼȿɇɇɕȿ ɉɈɌȿɊɂ ɁȺɊəɀȿɇɇɕɏ ɉɊɈȾɍɄɌɈȼ ɋɂɇɌȿɁȺ ȼ ɌɈɄȺɆȺɄȿ: ȼɕɑɂɋɅȿɇɂȿ ɉɈɌɈɄȺ 
Ⱥ.Ⱥ. Ɇɨɫɤɜɢɬɢɧ1, ȼ.Ⱥ. əɜɨɪɫɤɢɣ2,3, ȼ.ə. Ƚɨɥɨɛɨɪɨɞɶɤɨ2,3, ɘ.Ʉ. Ɇɨɫɤɜɢɬɢɧɚ4 
1 ɏɚɪɶɤɨɜɫɤɢɣ ɧɚɰɢɨɧɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ ɢɦɟɧɢ ȼ.ɇ. Ʉɚɪɚɡɢɧɚ 
ɍɤɪɚɢɧɚ, ɏɚɪɶɤɨɜ, ɩɥ. ɋɜɨɛɨɞɵ 4, 61022 
2 ɂɧɫɬɢɬɭɬ ɹɞɟɪɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɇɚɰɢɨɧɚɥɶɧɨɣ ɚɤɚɞɟɦɢɢ ɧɚɭɤ ɍɤɪɚɢɧɵ 
ɍɤɪɚɢɧɚ, Ʉɢɟɜ, ɩɪ. ɇɚɭɤɢ 47, 03680 
3 Ⱥɫɫɨɰɢɚɰɢɹ ȿɜɪɨɚɬɨɦ-ȺȺɇ, ɂɧɫɬɢɬɭɬ ɬɟɨɪɟɬɢɱɟɫɤɨɣ ɮɢɡɢɤɢ 
ɍɧɢɜɟɪɫɢɬɟɬ ɂɧɫɛɪɭɤɚ, Ⱥɜɫɬɪɢɹ 
4 ɇɚɰɢɨɧɚɥɶɧɵɣ ɧɚɭɱɧɵɣ ɰɟɧɬɪ ɏɚɪɶɤɨɜɫɤɢɣ ɮɢɡɢɤɨ-ɬɟɯɧɢɱɟɫɤɢɣ ɢɧɫɬɢɬɭɬ 
ɍɤɪɚɢɧɚ, ɏɚɪɶɤɨɜ, ɭɥ. Ⱥɤɚɞɟɦɢɱɟɫɤɚɹ 1, 61108 
Ɋɚɡɪɚɛɨɬɚɧ ɦɟɬɨɞ ɞɥɹ ɪɚɫɱɟɬɚ ɪɚɫɩɪɟɞɟɥɟɧɢɣ ɩɨ ɩɢɬɱ-ɭɝɥɭ, ɷɧɟɪɝɢɢ ɢ ɩɨɥɨɢɞɚɥɶɧɨɦɭ ɭɝɥɭ ɩɨɬɨɤɚ ɡɚɪɹɠɟɧɧɵɯ ɩɪɨɞɭɤɬɨɜ 
ɫɢɧɬɟɡɚ (Ɂɉɋ), ɬɟɪɹɟɦɵɯ ɧɚ ɩɟɪɜɨɣ ɫɬɟɧɤɟ ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɝɨ ɬɨɤɚɦɚɤɚ ɜɫɥɟɞɫɬɜɢɟ ɦɝɧɨɜɟɧɧɵɯ ɩɨɬɟɪɶ (Ɇɉ). ɗɬɨɬ ɦɟɬɨɞ 
ɪɚɫɲɢɪɹɟɬ ɩɨɞɯɨɞ ɞɥɹ ɪɚɫɱɟɬɚ ɩɨɥɨɢɞɚɥɶɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ Ɇɉ Ɂɉɋ ɜ ɬɨɤɚɦɚɤɚɯ, ɤɨɬɨɪɵɣ ɛɵɥ ɩɪɟɞɥɨɠɟɧ ɜ 
[Kolesnichenko Ya.I. et al. Sov. J. Plasma Phys 2 (1976) 506]. ɍɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɧɵɣ ɦɟɬɨɞ ɩɨɡɜɨɥɹɟɬ ɪɚɫɫɱɢɬɵɜɚɬɶ 
ɪɚɫɩɪɟɞɟɥɟɧɢɣ ɬɟɪɹɟɦɵɯ ɛɵɫɬɪɵɯ ɢɨɧɨɜ ɞɥɹ ɲɢɪɨɤɨɝɨ ɤɥɚɫɫɚ ɦɚɝɧɢɬɧɵɯ ɤɨɧɮɢɝɭɪɚɰɢɣ ɬɨɤɚɦɚɤɨɜ. ɂɫɩɨɥɶɡɭɟɦɚɹ ɜ ɷɬɨɦ 
ɢɫɫɥɟɞɨɜɚɧɢɢ ɚɧɚɥɢɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɭɱɢɬɵɜɚɟɬ ɲɚɮɪɚɧɨɜɫɤɢɣ ɫɞɜɢɝ, ɷɥɥɢɩɬɢɱɧɨɫɬɶ, ɬɪɟɭɝɨɥɶɧɨɫɬɶ ɢ 
ɚɫɢɦɦɟɬɪɢɸ «ɜɟɪɯ-ɧɢɡ» [Yavorskij V.A. et al. Plasma Phys. Control. Fusion 43 (2001) 249]. ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɩɪɨɫɬɪɚɧɫɬɜɚ 
ɢɧɜɚɪɢɚɧɬɨɜ ɞɜɢɠɟɧɢɹ ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɡɧɚɱɢɬɟɥɶɧɨ ɭɦɟɧɶɲɢɬɶ ɜɵɱɢɫɥɢɬɟɥɶɧɵɟ ɭɫɢɥɢɹ ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɩɨɬɨɤɚ 
ɬɟɪɹɟɦɵɯ ɱɚɫɬɢɰ ɜ ɡɚɞɚɧɧɭɸ ɬɨɱɤɭ ɧɚ ɩɟɪɜɨɣ ɫɬɟɧɤɟ. Ɋɚɡɪɚɛɨɬɚɧɧɵɣ ɩɨɞɯɨɞ ɩɨɥɟɡɟɧ ɞɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɩɨ 
ɩɢɬɱ-ɭɝɥɭ ɢ ɷɧɟɪɝɢɢ ɬɟɪɹɟɦɵɯ ɛɵɫɬɪɵɯ ɢɨɧɨɜ, ɤɨɬɨɪɵɟ ɩɨɩɚɞɚɸɬ ɜ ɫɰɢɧɬɢɥɥɹɰɢɨɧɧɵɣ ɞɟɬɟɤɬɨɪ [Zweben S.J. et al. 
Nucl.Fusion 30 (1990) 1551] ɜ ɫɨɜɪɟɦɟɧɧɵɯ ɬɨɤɚɦɚɤɚɯ [Kiptily V.G. et al. Nucl.Fusion 49 (2009) 065030], ɚ ɬɚɤɠɟ ɪɚɫɫɱɢɬɵɜɚɬɶ 
ɩɨɬɨɤɢ Ɂɉɋ ɧɚ ɩɟɪɜɭɸ ɫɬɟɧɤɭ ɜ ɛɭɞɭɳɢɯ ɬɨɤɚɦɚɤɚɯ ɪɟɚɤɬɨɪɚɯ. 
ɄɅɘɑȿȼɕȿ ɋɅɈȼȺ: ɦɝɧɨɜɟɧɧɵɟ ɩɨɬɟɪɢ, ɡɚɪɹɠɟɧɧɵɟ ɩɪɨɞɭɤɬɵ ɫɢɧɬɟɡɚ, ɨɫɟɫɢɦɦɟɬɪɢɱɧɵɣ ɬɨɤɚɦɚɤ, ɧɟɤɪɭɝɥɵɟ 
ɩɨɬɨɤɨɜɵɟ ɩɨɜɟɪɯɧɨɫɬɢ, ɫɰɢɧɬɢɥɥɹɰɢɨɧɧɵɣ ɞɟɬɟɤɬɨɪ. 
 
ɆɂɌɌȯȼȱ ȼɌɊȺɌɂ ɁȺɊəȾɀȿɇɂɏ ɉɊɈȾɍɄɌȱȼ ɋɂɇɌȿɁɍ ȼ ɌɈɄȺɆȺɐȱ: ɊɈɁɊȺɏɍɇɈɄ ɉɈɌɈɄɍ 
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1 ɏɚɪɤɿɜɫɶɤɢɣ ɧɚɰɿɨɧɚɥɶɧɢɣ ɭɧɿɜɟɪɫɢɬɟɬ ɿɦɟɧɿ ȼ.ɇ. Ʉɚɪɚɡɿɧɚ 
ɍɤɪɚʀɧɚ ɏɚɪɤɿɜ, ɩɥ. ɋɜɨɛɨɞɢ 4, 61022 
2 ȱɧɫɬɢɬɭɬ ɹɞɟɪɧɢɯ ɞɨɫɥɿɞɠɟɧɶ ɇɚɰɿɨɧɚɥɶɧɨʀ ɚɤɚɞɟɦɿʀ ɧɚɭɤ ɍɤɪɚʀɧɢ 
ɍɤɪɚʀɧɚ, Ʉɢʀɜ, ɩɪ. ɇɚɭɤɢ 47, 03680 
3 Ⱥɫɨɰɿɚɰɿɹ ȯɜɪɨɚɬɨɦ-ȺȺɇ, ȱɧɫɬɢɬɭɬ ɬɟɨɪɟɬɢɱɧɨʀ ɮɿɡɢɤɢ 
ɍɧɿɜɟɪɫɢɬɟɬ ȱɧɫɛɪɭɤɚ, Ⱥɜɫɬɪɿɹ 
4 ɇɚɰɿɨɧɚɥɶɧɢɣ ɧɚɭɤɨɜɢɣ ɰɟɧɬɪ ɏɚɪɤɿɜɫɶɤɢɣ ɮɿɡɢɤɨ-ɬɟɯɧɿɱɧɢɣ ɿɧɫɬɢɬɭɬ 
ɍɤɪɚʀɧɚ, ɏɚɪɤɿɜ, ɜɭɥ. Ⱥɤɚɞɟɦɿɱɧɚ 1, 61108 
4
© Moskvitin A.O., Yavorskij V.O., Goloborod’ko V.Ya., Moskvitina Yu.K., 2012
«Journal of Kharkiv University»,  ¹1001, 2012 A.O. Moskvitin...
physical series «Nuclei, Particles, Fields», issue 2 /54/ First orbit losses of charged...
Ɋɨɡɪɨɛɥɟɧɨ ɦɟɬɨɞ ɨɛɱɢɫɥɟɧɧɹ ɪɨɡɩɨɞɿɥɿɜ ɩɨ ɩɿɬɱ-ɤɭɬɭ, ɟɧɟɪɝɿʀ ɬɚ ɩɨɥɨʀɞɧɨɝɨ ɤɭɬɭ ɩɨɬɨɤɭ ɡɚɪɹɞɠɟɧɢɯ ɩɪɨɞɭɤɬɿɜ ɫɢɧɬɟɡɭ, ɹɤɿ 
ɜɬɪɚɱɚɸɬɶɫɹ ɧɚ ɩɟɪɲɿɣ ɫɬɿɧɰɿ ɨɫɟɫɢɦɟɬɪɢɱɧɨɝɨ ɬɨɤɚɦɚɤɚ ɜɧɚɫɥɿɞɨɤ ɦɢɬɬɽɜɢɯ ɜɬɪɚɬ (Ɇȼ). ɐɟɣ ɦɟɬɨɞ ɪɨɡɲɢɪɸɽ ɩɿɞɯɿɞ ɞɥɹ 
ɨɛɱɢɫɥɟɧɧɹ ɩɨɥɨʀɞɧɨɝɨ ɪɨɡɩɨɞɿɥɭ Ɇȼ Ɂɉɋ ɜ ɬɨɤɚɦɚɤɚɯ, ɹɤɢɣ ɛɭɜ ɡɚɩɪɨɩɨɧɨɜɚɧɢɣ ɜ [Kolesnichenko Ya.I. et al. Sov. J. Plasma 
Phys 2 (1976) 506]. ɉɨɤɪɚɳɟɧɢɣ ɦɟɬɨɞ ɞɨɡɜɨɥɹɽ ɪɨɡɪɚɯɨɜɭɜɚɬɢ ɪɨɡɩɨɞɿɥɢ ɲɜɢɞɤɢɯ ɿɨɧɿɜ, ɳɨ ɜɬɪɚɱɚɸɬɶɫɹ, ɞɥɹ ɲɢɪɨɤɨɝɨ 
ɤɥɚɫɭ ɦɚɝɧɿɬɧɢɯ ɤɨɧɮɿɝɭɪɚɰɿɣ ɬɨɤɚɦɚɤɿɜ. Ⱥɧɚɥɿɬɢɱɧɚ ɦɨɞɟɥɶ ɦɚɝɧɿɬɧɨɝɨ ɩɨɥɹ, ɹɤɚ ɜɢɤɨɪɢɫɬɨɜɭɽɬɶɫɹ ɜ ɰɶɨɦɭ ɞɨɫɥɿɞɠɟɧɧɿ, 
ɜɪɚɯɨɜɭɽ ɲɚɮɪɚɧɿɜɫɶɤɢɣ ɡɫɭɜ, ɟɥɿɩɬɢɱɧɿɫɬɶ, ɬɪɢɤɭɬɧɿɫɬɶ ɬɚ ɚɫɢɦɟɬɪɿɸ «ɜɟɪɯ-ɧɢɡ» [Yavorskij V.A. et al. Plasma Phys. Control. 
Fusion 43 (2001) 249]. ȼɢɤɨɪɢɫɬɚɧɧɹ ɩɪɨɫɬɨɪɭ ɿɧɜɚɪɿɚɧɬɿɜ ɪɭɯɭ ɞɚɽ ɦɨɠɥɢɜɿɫɬɶ ɡɧɚɱɧɨ ɡɦɟɧɲɢɬɢ ɨɛɱɢɫɥɸɜɚɥɶɧɿ ɡɭɫɢɥɥɹ ɩɪɢ 
ɦɨɞɟɥɸɜɚɧɧɿ ɩɨɬɨɤɭ ɱɚɫɬɢɧɨɤ, ɳɨ ɜɬɪɚɱɚɸɬɶɫɹ, ɜ ɡɚɞɚɧɿɣ ɬɨɱɰɿ ɧɚ ɩɟɪɲɿɣ ɫɬɿɧɰɿ. Ɋɨɡɪɨɛɥɟɧɢɣ ɩɿɞɯɿɞ ɽ ɤɨɪɢɫɧɢɦ ɞɥɹ 
ɦɨɞɟɥɸɜɚɧɧɹ ɪɨɡɩɨɞɿɥɭ ɡɚ ɩɿɬɱ-ɤɭɬɚɦɢ ɬɚ ɟɧɟɪɝɿɹɦɢ ɲɜɢɞɤɢɯ ɿɨɧɿɜ, ɳɨ ɜɬɪɚɱɚɸɬɶɫɹ, ɬɚ ɞɨɫɹɝɚɸɬɶ ɫɰɢɧɬɢɥɹɰɿɣɧɨɝɨ 
ɞɟɬɟɤɬɨɪɚ [Zweben S.J. et al.  Nucl.Fusion 30 (1990) 1551] ɭ ɫɭɱɚɫɧɢɯ ɬɨɤɚɦɚɤɚɯ [Kiptily V.G. et al. Nucl.Fusion 49 (2009) 
065030], ɚ ɬɚɤɨɠ ɨɛɱɢɫɥɸɜɚɬɢ ɩɨɬɨɤɢ Ɂɉɋ ɧɚ ɩɟɪɲɭ ɫɬɿɧɤɭ ɜ ɦɚɣɛɭɬɧɿɯ ɬɨɤɚɦɚɤɚɯ-ɪɟɚɤɬɨɪɚɯ. 
ɄɅɘɑɈȼȱ ɋɅɈȼȺ: ɦɢɬɬɽɜɿ ɜɬɪɚɬɢ, ɡɚɪɹɞɠɟɧɿ ɩɪɨɞɭɤɬɢ ɫɢɧɬɟɡɭ, ɨɫɟɫɢɦɟɬɪɢɱɧɢɣ ɬɨɤɚɦɚɤ, ɧɟɤɪɭɝɥɿ ɩɨɬɨɤɨɜɿ ɩɨɜɟɪɯɧɿ, 
ɫɰɢɧɬɢɥɹɰɿɣɧɢɣ ɞɟɬɟɤɬɨɪ. 
 
Charged fusion product (CFP) losses together with neutron fluxes are expected to cause main damage of a fusion 
reactor first wall. One of the conventional loss mechanisms of CFP is the first orbit (FO) losses. The thorough review 
on theoretical study of this loss mechanism is presented in [1]. Review on experimental research activities can be find in 
[2]. Analytical approaches for first orbit flux calculation were derived in [3,4]. It should be noted that these models 
were provided for poloidal distributions of FO loss of CFPs in tokamak with circular cross-section. The approach 
developed in [5] gives an opportunity to calculate the poloidal distribution of FO loss flux in tokamak with elliptic 
cross-section. The numerical code presented in current study in addition to poloidal distributions allows also 
examination of pitch-angle and energy distributions of the FO loss in tokamaks with elliptic and triangular flux 
surfaces. 
First systematic experimental research of the FO losses of CFPs was carried out in TFTR (Tokamak Fusion Test 
Reactor) [6]. The main diagnostic system in this research was the scintillator detector of charged particle. It was able to 
measure a pitch-angle and energy distribution of the escaped fast ions due to the design of the detector. The scintillator 
detector is widely used on nowadays tokamaks JET (Joint European Torus) [7,8], ASDEX-Upgrade [9], DIII-D [10] 
mainly for studying losses of energetic particles caused by either plasma MHD activity, either complex symmetry-
breakings [11, 12, 13]. It is assumed that complex symmetry breakings are the magnetic perturbations that break axial 
symmetry of the tokamak magnetic configuration, e.g. toroidal field ripples, magnetic perturbations caused by Edge 
Localized Modes (ELMs) mitigation coils, magnetic perturbations caused by Test Blanket Modules in ITER etc. In the 
framework of these studies, first orbit losses usually cause an unavoidable background signal. 
After the first experiments in TFTR, it became obvious that first orbit losses can be decreased significantly due to 
increasing plasma current above 3MA , e.g. in ITER with plasma current of order 15MA  and minor radius 2m  these 
losses are believed to be negligibly small (below 0.1% ) [11]. Besides that, these experiments showed that these losses 
are in good agreement with theoretical predictions. Nevertheless, interest to these losses in this study is caused by 
necessity to develop common approach for simulation of first orbit loss signal in scintillator probe in order to 
distinguish contributions from the studied processes and from the FO losses. Thus toroidal field ripple induced losses 
were observed in addition to the conventional first orbit losses of DD CFPs in JET [14]. 
The crucial point of this study is to use magnetic field model, which could cover variety of the existing tokamak 
configurations, in order to provide crosscheck for different experimental setups. The appropriate model was developed 
in [15]. Using this model, it is also possible to carry out test particle simulations using the same numerical model of the 
magnetic configuration [16]. 
Description of CFP dynamics needs accurate accounting for the Larmor radius of the orbit. For typical parameters 
of a reactor scale closed magnetic traps this radius can exceed about 10 cm for CFP. Larmor motion of CFP can be 
taken into account in the developed approach by appropriate modification of the boundary values of motion invariants. 
However, to simplify the analysis of FO loss distributions in this paper we neglect the finite Larmor orbit width. 
Additionally, test particle simulations were carried out using the same magnetic configuration in order to provide a 
cross-check. The results showed good agreement for 2D smooth profile of the axially symmetric first wall. 
Nevertheless, the same simulation for real 3D wall will need to take into account the finite Larmor orbit width. 
Developing of such extended approach is underway now. 
Thus, the main aim of this study is to develop the theoretical approach for simulation spatial and velocity 
distributions of first orbit losses in order to model the scintillator probe signal of pure first orbit losses. This approach 
should cover variety of existing magnetic configurations, the magnetic field model should be flexible for predictive 
modeling, and should maintain test particle simulations for crosscheck validation. Smooth, axially symmetric wall is 
assumed. The finite Larmor orbit width has been neglected yet, in order to introduce the main ideas of developed 
approach. 
In this paper, the theoretical basis of the developed code is presented along with results of the test runs of this 
code. The test particle validation and comparative analysis of the experimental data is underway now. The rest of the 
paper is organized in the following way. In the first section, the analytical model of the axisymmetric magnetic 
configuration is specified. Next section is devoted to the calculation technique of flux density of the first orbit losses, 
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including flux calculation model, drift orbit equations in terms of constants-of-motion and drift orbit topology analysis. 
Results of the test runs and concluding remarks are presented in the last section. 
 
MAGNETIC FIELD MODEL 
In current study, magnetic configuration of tokamak is assumed to be axisymmetric with non-circular flux 
surfaces. The analytical model for such configurations is described in details in [15]. It is supposed that flux surfaces are 
determined by the parametric dependence of the cylindrical coordinates 
( ) ( ) ( )0, cosR Rρ χ ρ ρ χ= + Δ + , (1) 
( ) ( ) ( ) ( ) ( ), sin 1 cosaxZ Z k αρ χ ρ ρ χ ρ χª º= − − Λ¬ ¼ , (2) 
where R  and Z  represent the spatial variables of the cylindrical coordinates { }, ,R Zϕ , ρ  and χ  represent variables 
of the new flux-like coordinates { }, ,ρ χ ϕ with clear physical meaning, ( )ρΔ , ( )k ρ  and ( )ρΛ  are flux surface 
parameters: the Shafranov’s shift, the elongation parameter and the triangularity parameter respectively, and α  is a flux 
surface model parameter, 0R is vacuum vessel major radius, axZ  is a Z  coordinate of the magnetic axis. The physical 
meaning of { }, ,ρ χ ϕ - coordinates can be understood from Fig.1. The coordinate ρ  is a flux surface label and its 
value is equal to distance between the magnetic axis and the flux surface in the equatorial midplane, and χ  is the 
analog of poloidal angle. The angle ϕ  is the toroidal angle, and its value and direction coincide in both coordinate 
systems { }, ,R Zϕ and { }, ,ρ χ ϕ .  
According to used model, the flux surface parameters can be evaluated using expressions 
( ) ( )eρ ρΔ = Δ , (3) 
( ) ( ) ( )21 1ek k M M αρ ρ αª º= + −¬ ¼ , (4) 
( ) ( ) ( )2 21e M Mρ ρ αΛ = Λ − + , (5) 
where ( )21 1 eM ρ= − Λ , ( )20 1e e plaρª ºΔ = Δ −« »¬ ¼ , ( ) ( )
2
0 1e e e plk k k aρ ρ= + , ( ) ( )20e e plaρ ρΛ = Λ . 
Quantities eΔ , ek  and eΛ  for each prescribed flux surface can be derived from the geometrical parameters of flux 
surface shape. The procedure of such derivation is described in [15]. Numerical values of constants pla , 0eΔ , 0ek , 1ek  
and 0eΛ  are presented in Table 1. It should be noted that the explicit form of the expressions (3), (4) and (5) depends 
on the certain model of the magnetic configuration. Here it is used one of the three analytical models developed in [15]. 
These models cover the variety of observed flux surface shapes for axisymmetric toroidal magnetic configurations 
including up-down asymmetry. 





























where ( )0 / 2 TFCJ NJμ π=  total poloidal current parameter, 0μ  magnetic constant, N  number of toroidal field coils 
(TFC), TFCJ  poloidal current in single TFC, ( )q ρ  safety factor, g  Jacobian of coordinate system { }, ,ρ χ ϕ , 









= ³  denotes the averaging over poloidal angle χ . The explicit 
expression for ( ),Y ρ χ  depends on magnetic configuration analytical model, and can be evaluated using definition 
2Y g R= . (9) 
Magnetic configuration calculated using parameters given in Table 1 is in good agreement with typical axisymmetric 
equilibrium magnetic configuration in JET. These values for the magnetic configuration parameters are used below, if 
contrary isn’t pointed. As an example, flux surfaces calculated using this analytical model are presented in Fig.1. 
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Table 1. 
Parameters of the magnetic configuration analytical model 
Parameter name, unit Parameter value 
Vacuum vessel major radius, m  
0 2.89R =  
Magnetic axis Z coordinate, m 0.323axZ =  
Flux surface model parameter 0.5α = −  
Maximum minor plasma radius in equatorial plane, m 0.961pla =  
Magnetic axis Shafranov shift, m 
0 0.11Δ =  
Elongation profile parameters 
0 1.36ek = , 1 0.315ek =  
Triangularity profile parameter 
0 0.174eΛ =  
Total poloidal current parameter, T·m  7.58J = −  
 
MODEL OF THE FLUX OF CFP LOST FROM THE TOKAMAK PLASMA DUE TO THE FO LOSS 
MECHANISM 
 
Flux calculation model 
Commonly total flux of lost particles lossΓ  can be written as 
( ),loss fus
Loss domain
R d dΓ = ³ r v r v , (10) 
where ( ),fusR r v  source of charged fusion product particles, r  and v  radius vector and velocity vector respectively. 
The integration domain ‘Loss domain’ is defined by full set of particle orbits, which intersects confinement boundary, 
e.g. last closed flux surface or vacuum vessel wall. Here we assume that particle is lost if its trajectory intersects plasma 
boundary plaρ = . 
Generally, the integration domain is six-dimensional. However, taking into account axial symmetry of the problem 
and using guiding center approximation, this domain becomes four-dimensional. This means that a full set of lost 
particle trajectories can be described by only four variables. Thus, the concrete set of four numbers defines only one 
specific orbit. Certainly, it is true if effect of Coulomb collisions is neglected. 
Diagnostic techniques, such as scintillator probe or Faraday cup, give a tip to choose the set of variables in 
following way { }, , ,a aa Vχ ξ , where , aa χ  define the position of probe in { },ρ χ  coordinates, and ,a Vξ describe 
orbit parameters (pitch V Vξ = &  and particle speed V , where V&  is parallel particle velocity). Nevertheless, it is 
possible to derive alternative representation of lost particle flux in terms of variables { }, , ,a aa Vχ ξ  
( ) ( )( )
2, , ,, , 2 2
, , ,loss fus a a aa aLoss domain
V
R V g d d V d dV
a V




∂³ , (11) 
where it is supposed that source of charged fusion product particles fusR  in real space depends only on flux label ρ  
and it is axially symmetric in velocity space regarding to the direction of magnetic field. First assumption is based on 
the thesis that fusR  depends only on plasma specie densities and temperatures, which are commonly supposed to be 
constant on the flux surface. The second one is a consequence of the fast phase mixing due to cyclotron gyration. 
In order to establish relationship between { }, , ,a aa Vχ ξ  and { },r v  variables, and derive the expression for the 
Jacobian of coordinates transition ( ) ( ), , , , , ,a aV a Vρ χ ξ χ ξ∂ ∂  it is necessary to provide drift orbit analysis. 
 
Drift constants of motion 
There are three constants of motion for charged particle in axisymmetric toroidal magnetic field: the total energy 
2 2W mV= , the magnetic moment 2 2mV Bμ ⊥=  and the toroidal angular momentum ( )P R mV eAϕ ϕ= −& , where 
m  and e  are particle mass and electric charge (not necessarily the electron charge), V  is particle speed, V&  and V⊥  
are particle velocity components respectively parallel and perpendicular to the magnetic filed, B , B = B , R  is radial 
component of the { }, ,R Zϕ  cylindrical coordinates, Aϕ  is a toroidal component of a vector potential A. 
Taking into account the invariance of μ  and Pϕ , guiding center motion equations take the form 
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( ) ( )21 / aR J Wξ μ− = , (12) 
( ) amV e R P eϕξΨ + = , (13) 
where ( )/ aJ W μ  and aP eϕ  are constants, which define certain orbit, subscript ' 'a  points that invariants μ  and Pϕ  
are expressed in terms of variables { }, ,a a a Vχ ξ=c  and AϕΨ = − . Finally, one can get 
( ) ( ) ( )2 21 , 1 a aR Rξ ρ χ ξ− = − , (14) 
( ) ( ), a a aC R C Rρ ξ ρ χ ξΨ + = Ψ + , (15) 
where ( ),a aR R a χ= , ( )a aΨ = Ψ  and C mV e= . These equations implicitly define particle trajectory ( ), aρ χ c  
and pitch-angle variation along orbit ( ), aξ χ c . Nevertheless, not only χ  can be chosen as the independent parameter, 
it is also possible to consider ρ  or ξ  as independent variable. 
In order to exclude the dependence on χ  these equations can be rewritten as 
( ) ( ), 2aR B D Cξ ξρ = +c , (16) 
( ) ( ) 2B D Aξ ξ ξξ ρ = − , (17) 
where ( ) ( ) a aA a C Rξ ρ ξ= Ψ − Ψ − , ( )21 a aB R Cξ ξ= −  and 2 24D B Aξ ξ ξ= + , these designations are made for 
convenience reasons.  
Under given orbit parameters { }, , ,a aa Vχ ξ  it is possible to reconstruct the guiding center trajectory for particle 
with speed V , which passes through point { }, aa χ  with pitch aξ . For this purpose, one can change ρ  continuously 
and evaluate R  from Eq. (16). Then using R  and ρ  it is possible to derive χ  
( ) ( ){ }0arccos R Rχ ρ ρ ρª º= − − Δ¬ ¼ . (18) 
Finally, using Eq. (2) coordinate Z  can be obtained. 
Examples of reconstructed trajectories are in Fig.2. Taking into account up-down symmetry of magnetic 
configuration, and supposing that point { }, aa χ  is the final point of trajectory, independent parameter ρ  should be 
changed only in segment [ ]min ,aρ , where minρ  is value of variable ρ  at the point of intersection of trajectory with 
equatorial midplane (see Fig.2).  
  
Fig. 1. Flux surfaces, coordinates { }, ,R Zϕ and { }, ,ρ χ ϕ  Fig. 2. Typical orbits of charged particles in axisymmetric 
tokamak configuration . 
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To find minρ  one can derive the equation 
( ) ( ) ( )2 2 2min min min min min, , 0C R A B CRξ ξρ χ ρ ρ χ− + = , (19) 
where min 0χ =  for intersection point at the ‘low field side’ and minχ π=  for the ‘high field side’. Strictly saying, these 
two types of orbits are separated by the extreme trapped orbit, so called, ‘the widest banana orbit’. It is demonstrated in 
Fig.2. by bold line. Analysis of the drift orbit topology in axisymmetric magnetic configuration is presented in next 
subsection. 
 
Drift orbit topology analysis 
First of all, let us introduce commonly used charged particle orbits classification: ‘co-passing’, ‘counter-passing’ 
and trapped orbits [17]. Examples of orbits, which reach the detector, are presented in Fig.2 (from left to right): ‘co-
passing’ ( 0.86aξ = ), ‘the fattest banana’ ( 0.59aξ ≈ ), ‘banana’ ( 0.3aξ = ). Simulation parameters: tritons with 
energy 1W MeV= , probe position 0.961a m= , 6aχ π= . Dashed lines correspond to flux surfaces, bold dash line 
represents the outermost flux surface 0.961a mρ = = . 
In order to give analytical description of the orbit variety and to determine boundaries of the appropriate domains 
in phase space, we will consider the set of orbits with fixed set of variables { }, aa χ  and we will analyze the position of 
trajectory intersection point with equatorial midplane minρ  as a function of parameter values { },a Vξ . 
In order to find minρ  let us consider Eq.(19). In general, this equation doesn’t have analytical solution taking into 
account magnetic configuration considered in this paper. In order to treat this equation numerically it is necessary to 
localize roots. Dependence of the left hand side of Eq. (19) versus minρ  for different parameter values { },a Vξ  is 
presented in Fig.3. For present study, firstly, we are interested in dependence on aξ  under fixed V . This interest is 
caused by experimental reasons.  
It is seen from Fig.3b. that for orbits with 0aξ <  only one root for each orbit exists at the ‘high field side’ near 
plasma edge. In Fig.2. these orbits lie to the right of orbit with 0aξ = . It is obvious that particles with such trajectories 
can’t give any significant flux at point { }, aa χ , because they pass through plasma periphery with low density. That is 
why we won’t pay attention to these orbits further. 
The ‘banana’ orbits also have only one root. The most problematic are potato orbits, because they have two roots, 
and these roots don’t necessary lie on both sides from magnetic axis. In order to distinguish these roots one should find  
minρ  for ‘the widest banana’ orbit. Further it is denoted as minwbρ . And wbaξ  is the value of the orbit invariant aξ , which 
corresponds to the ‘widdest banana’ orbit. Then two roots of the ‘potato orbits’ will lie on both sides of min
wbρ . Besides 
that there is very narrow class of ‘twins’ orbits. Under ‘twins’ here we understand orbits with different set of parameters 
{ }, , ,a aa Vχ ξ  but the same coefficients { }, ,A B Cξ ξ  and thus the same equation for minρ . These orbits have three 
roots: two roots lies at the ‘high field side’ and one – at the ‘low field side’. The leftmost root belongs to ‘co-passing’ 
orbit which moves down to point { }, aa χ . And two others belong to closed orbit of ‘counter-passing’ particle, which 
  
a) b) 
Fig.3. Graph presentation of the LHS of Eq. (19) for minρ . 
a) pitch aξ  varies from 1−  to 1 with step 0.2 ; b) enlarged fragment of a) for 0aξ <  
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wbρ  it is necessary to find the root of the first derivative of Pϕ . The matter is that the toroidal angular 
moment under given { }, ,aa Vχ  has an extremum for ‘the widest banana’ orbit. Thus it is possible to find wbaξ  (or 
corresponding min
wbρ ) using equation 




eq eq eq eq
eq eq a
C RP eϕ ρ ξ ξ ρ π
ρ ξ ξ





where ‘prime’ denotes derivative eqd dρ  and eqρ  is a coordinate of the intersection point of the drift orbit and 
equatorial plane, eqξ  is the value of the pitch at the equatorial plane. In fact, variable eqρ  is equal to minρ  for ‘co-
passing’ and ‘the widest banana’ orbits, but here it is considered as independent variable, which labels drift orbit. The 
variables eqξ  and aξ  in Eq. (20) are functions of eqρ only. The explicit expressions for ( )eq eqξ ρ  and ( )a eqξ ρ  can be 
derived from Eqs. (14) and (15): 
( ) ( ) ( )2 4 2eq eq b b a c aξ ξ ξ ξ ξξ ρ = − + − , (21) 
where ( ) ( )2 , ,eq eq aa C R R Rξ ρ π ρ πª º= −¬ ¼ , ( ) ( )2 ,eq eq ab CRξ ρ π ρª º= Ψ − Ψ¬ ¼  and 
( ) ( ) 22 ,a eq a eq ac C R R Rξ ρ π ρª º ª º= − + Ψ − Ψ¬ ¼ ¬ ¼ ; and  
( ) ( ) ( )2 4 2a eq b b a c aξ ξ ξ ξ ξξ ρ ′ ′ ′ ′ ′= − + − , (22) 
where ( )2 ,a eq aa C R R Rξ ρ πª º′ = −¬ ¼ , ( )2 a eq ab CRξ ρª º′ = Ψ − Ψ¬ ¼  and 
 ( ) ( ) ( ) 22 , ,eq eq a eq ac C R R Rξ ρ π ρ π ρª º ª º′ = − − Ψ − Ψ¬ ¼ ¬ ¼ . It should be noted that all quantities in Eq. (20) - (22) 
corresponds to equatorial midplane at the ‘high-field side’. 
The plots of ( )a eqξ ρ  given by Eq. (22) for different values of the particle energy W  are presented in Fig.4. The 
corresponding orbit types are illustrated in Fig.5 for triton with energy 1W MeV= . It should be noted that the case 
2W MeV=  in Fig.4 corresponds the situation when all orbits of trapped particles with 0aξ >  are ‘potato’ orbits. 
 
  
Fig.4. The profile of the orbit parameter aξ  in equatorial 
midplane. Simulation parameters: tritons with energies 
{ }1,10,100,1000, 2000W keV= , probe position 
0.961a m= , 6aχ π= . 
Fig.5. The profile of the orbit parameter aξ  in equatorial 
midplane for triton with energy 1W MeV= , and probe position 
0.961a m= , 6aχ π= . 
 
According to the presented drift orbit analysis it is now possible to localize roots of the Eq. (19) and to finish the 
definition of ‘Loss domain’ in { }, , ,a aa Vχ ξ . Thus the expression (11) for the loss particle flux can be written as  
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( ) ( )( )( )min
1
2
0 1 , , ,
, , ,




loss a a fus a
a aa V
V
d dV V d d R V g
a V
π
π ρ χ ξ
ρ χ ξ






∂³ ³ ³ ³ , (23) 
where g  can be derived using Eqs. (1) and (2), and ( ) ( ), , , , , ,a aV a Vρ χ ξ χ ξ∂ ∂  can be derived using expressions 
(16) and (17). 
 
RESULTS AND CONCLUSIONS 
Commonly, the scintillator probe is placed at the fixed point. This gives an opportunity to consider only flux at the 
given location { }, aa χ . Next point is that this probe data contains information about separate flux tubes with the given 
pitch and particle speed { },a Vξ , i.e. the signal from the certain channel of probe is in fact  proportional only to value 
of the integral over ρ  in (23). Thus for further study we will consider only monoenergetic flux I of lost particles at 
point { }, aa χ  with pitch and velocity { },a Vξ  
( ) ( ) ( )( )( )min , , ,
, , ,




a a fus a
a aa V
V
I a V d R V g
a Vρ χ ξ




∂³ . (24) 
Following expressions for metric coefficients can be used: 
( ) ( ) { }2 2 30 1 2 3, cos cos cosg R kρ χ ρ ρτ γ γ χ γ χ γ χ= + + +  (25) 





, , , sin 1 1





ρ χ ξ χ ξ





where /G B Aξ ξ= . It is supposed integration along orbit in Eq. (24). Thus, the variable χ  in Eqs. (25) and (26) can be 
derived using Eq. (18) 
Table 2. 
Magnetic field model coefficients 
0γ  1 l dlα+ +  τ  ( ) 11 cos αχ −− Λ  
1γ  ( )1d l mα α Λ− + − Λ −  d  ′Δ  
2γ  ( )1l dlα− − +  l  ( )k k ρ′  
3γ  ( )l mα α Λ− Λ +  mΛ  ρ ′Λ  
To provide numerical integration in Eq. (24) it is used Gauss scheme with 32 points. This scheme doesn’t require 
the evaluation of integrand at the integration domain ends. This feature of the scheme becomes very useful taking into 
account singularity of Eq. (26) at 0χ =  and χ π= , which takes place for minρ ρ= . 
The results of the numerical evaluation of Eq. (24) for tritons with energy { }10,100,1000W keV=  at different 
values of pitch aξ  are presented in Fig.6. For this calculation the source term was supposed monoenergetic 
( ) ( )021, , 2fus aR V V VVρ ξ δπ= − , (27) 
where 0 2 /V W m= .  
From Fig.6 it is obvious that form of flux profile for triton energies 2W MeV>  is different compared with triton 
energies 2W MeV< . It is caused by topology of orbits with large energy, namely, orbits of all ‘trapped’ particles are 
‘potato’, and there are no ‘banana’ orbits (see Fig.4). Besides that, there is no ‘gap’ in the equatorial midplane, which 
corresponds to ‘twins’ orbits (see Fig.5). 
It is obvious that FLR effects play significant role in the CFP dynamics. However, to simplify the analysis of FO 
loss distributions in this paper we neglect the finite Larmor orbit width. Nevertheless, gyro-orbit  simulation of 400000 
test particles  was carried out using in order to provide a cross-check. The results of this calculation are demonstrated in 
Fig. 7. It is seen that distributions of both approaches are in reasonable agreement. 
In test simulation particles were uniformly distributed in the torus RZ-section bounded by last closed flux surface. 
Each particle was traced for 20 microseconds; it corresponds to nearly 2000 cyclotron periods of triton in this magnetic 
configuration. All parameters of magnetic configuration were the same as provided above in the paper. The error bars of 
points, which correspond to ‘full orbit’ calculations, are estimated using expression for dispersion of the binomial 
distribution.  
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( ) ( )1Err ai i if N p pξ Σ= − , (28) 
where Errf  notes absolute magnitude of the error for point aiξ , NΣ  is total number of particles escaping to the 
scintillator probe with pitch 1aξ > , ip  is the probability that 2 2ai a aiξ ξ ξ ξ ξ− Δ < < + Δ , ( )0.05ξΔ = . 
  
a) b) 
Fig.6. Fluxes of lost tritons with monoenergetic distribution 
a) { }10,100,1000W keV= ; b) { }1,2,3,5W MeV= . 
The mean deviation of models σ  is estimated as 
( ) ( )( )2full orbit i drift if f Nσ ξ ξ= − , (29) 
where full orbitf  and driftf  are values of normalized flux at point with pitch iξ , N  is a number of points ( )20N = . 
  
Fig. 7. Comparison of the pitch angle distribution of the lost 
CFP, which are calculated using ‘full orbit’ and ‘drift orbit’ 
models. The error bars are estimated using Eq. (28). 
Fig. 8. Comparison of the lost trajectories, which are calculated 
using ‘full orbit’ (solid line) and ‘drift orbit’ (dash line) 
models. a) 0.725aξ = (pitch angle ~ 040 ); 
  
Fig. 8.(cont.) b) 0.575aξ = (pitch angle ~ 055 ); Fig. 8.(cont.) c) 0.175aξ = (pitch angle ~ 080 ); 
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To clarify the nature of the discrepancies of FO loss distributions in Fig. 7 we compare the drift and full gyro 
orbits for circulating and toroidally trapped particles considered in this figure. Fig. 8a represents the trajectories of the 
passing particle with pitch 0.725aξ =  (pitch angle ~ 040 ), while Figs. 8b and 8c display the orbits of toroidally 
trapped particles with 0.575aξ = (pitch angle ~ 055 ) and 0.175aξ =  (pitch angle close to 080 ) . One can see that for 
circulating particle the length of the ‘drift’ trajectory is greater than the length of its guiding center trajectory in the ‘full 
orbit’ model. Contrary the lengths of drift orbits of trapped particles are less than those of the guiding centers of full 
gyro-orbits. The biggest deviation in orbit lengths is observed for trapped particle with pitch angle ~ 055 (Fig. 8b) that 
can explain the underestimation of the FO loss of marginally trapped particles at pitch angles 55-600 in drift 
approximation seen in Fig. 7.  
In order to clarify the effect of energy profile of the source term, numerical simulation was provided for ‘Gauss’-
like form  
( )
2
, , exp 1





­ ½ª º° °
= − −« »® ¾« »° °¬ ¼¯ ¿
, (30) 
where 2 2W mV= , CMW Tγ β= , CMW  is birth energy in center mass frame, β  is distribution dispersion 
parameter, T  is plasma temperature. Examples of distributions given by Eq.(30) are presented in Fig.9.  
Numerical simulations show that the energy distribution of fusion product affects weakly on the pitch distribution 
of the flux. As an example, calculated pitch distributions are presented in Fig.10 for the cases of monoenergetic and 
‘Gauss’-like of the fusion product energy distribution. It is caused mainly by weak dependence of the critical value of 
pitch for ‘the widest banana’ orbit on energy (see Fig.4). 
 
In conclusion, we would like to summarize main results of the presented study. The earlier developed approach for 
poloidal distribution of prompt losses of CFP is extended to calculate pitch-angle and velocity distributions of the lost 
ions. The numerical code for simulation of the first orbit losses of CFP is developed for axisymmetric magnetic 
configuration of tokamak taking into account non-circular flux surfaces. Smooth axially symmetric 2D wall is assumed 
I this model. Cross-check of the newly upgraded approach against full orbit calculations shows good agreement. 
Drift orbit topology analysis in this configuration is provided in order to define the ‘Loss domain’ in constants of 
motion space. The approach used in this paper gives an opportunity to decrease calculation efforts for simulating the 
experimental data from scintillator probe, or other point probe. It is shown that the energy spectrum of the charged 
fusion product weakly affects the lost particles flux profile versus pitch. Results of the test numerical simulation agree 
with earlier conducted calculations [3-5] and experimental data [14]. 
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